A solar PV augmented hybrid scheme for enhanced wind power generation through improved control strategy for grid connected doubly fed induction generator Abstract: In this paper, a wind power generation scheme using a grid connected doubly fed induction generator (DFIG) augmented with solar PV has been proposed. A reactive power-based rotor speed and position estimation technique with reduced machine parameter sensitivity is also proposed to improve the performance of the DFIG controller. The estimation algorithm is based on model reference adaptive system (MRAS), which uses the air gap reactive power as the adjustable variable. The overall generation reliability of the wind energy conversion system can be considerably improved as both solar and wind energy can supplement each other during lean periods of either of the sources. The rotor-side DC-link voltage and active power generation at the stator terminals of the DFIG are maintained constant with minimum storage battery capacity using single converter arrangement without grid-side converter (GSC). The proposed scheme has been simulated and experimentally validated with a practical 2.5 kW DFIG using dSPACE CP1104 module which produced satisfactory results. 
A solar PV augmented hybrid scheme for enhanced wind power generation through improved control strategy for grid connected doubly fed induction generator 
Introduction
The wind power generation is gaining increasing global importance due to environmental safety and growing energy crisis. Harnessing the generally fluctuating power from wind and maintaining continuous exchange of power with the utility grid is found to be a challenging task for the researchers in the recent past. The proposed solar PV augmented wind energy conversion system addresses the DFIG control issues under such situations in a cost-effective manner.
The wind turbine produces power in accordance with the available wind speeds with the help of existing technology (Yang & Yang, 2010; Zhang, Chen, & Hu, 2014) . As the penetration of DFIG-based wind firms to the existing grids is significantly increasing day by day, the fluctuating power fed to the grid would adversely affect the power quality of the interconnected or weak or isolated grids as reported in Chen and Spooner (2001) , Díaz-González, Sumper, Gomis-Bellmunt, and Bianchi (2013) , Kanellos and Hatziargyriou (2012) . To overcome such problems, comprehensive measures have been suggested in Lu, Chang, Lee, and Wang (2009) , Zhou and Francois (2011) with the augmentation of power storage devices. The continuity of generation from DFIG-based wind energy conversion system which can be achieved through maximum power tracking control mechanism with augmentation of multiple renewable energy sources is presented in Mendis, Muttaqi, et al. (2014) , Mendis, Muttaqi, Perera, and Kamalasadan (2015) for remote area power supply. A similar type of technique is proposed in Kou, Liang, Gao, and Gao (2015) for grid connected operation. However, increased complexity in terms of coordinated control and cost of energy is a subject of concern for practical implementation of such topologies. An appropriate scheme for rated power generation at generator bus is proposed in Vijayakumar, Tennakoon, Kumaresan, and Ammasai Gounden (2013) , Daniel and AmmasaiGounden (2004) and Shukla and Tripathi (2015) . However, the presented scheme does not clarify the operation over wide speed range or proper sizing methodology of the storage batteries under such situations.
The precise control over generated power requires enhanced performance of the rotor-side converter (RSC) controller, which can be achieved through accurate information of rotor position angle. The rotor position and speed estimation techniques reported in Cardenas, Pena, Proboste, and Asher (2005) , Cardenas and Pena (2004) , Cardenas, Pena, et al. (2008) , Cardenas, Pena, Clare, Asher, and Proboste (2008) are based on model reference adaptive system. The scheme presented in Cardenas et al. (2005) is implemented using stator flux as adjustable variable, while Cardenas and Pena (2004) considers rotor flux for the same. The estimation technique adapted in Pena, Cardenas, Proboste, Asher, and Clare, (2008) is different from Cardenas et al. (2005) and Cardenas and Pena (2004) which considers rotor current as adjustable variable. The performance of the techniques adapted in Cardenas et al. (2005) , Cardenas and Pena (2004) , Cardenas et al. (2008) is analyzed in Cardenas et al. (2008) . The reported techniques Karthikeyan, Nagamani, Ray Chaudhury, & Ilango, 2012) are implemented with the use of differentiators based on open-loop methods. This can introduce severe errors for estimation of rotor speed and position due to noise in the input signals. Moreover, all these existing techniques have almost the similar snag of having strong dependency on various machine parameter variations.
The main advantageous features of the proposed scheme can be summarized as,
(1) The rotor position estimation technique for the proposed scheme is almost independent of machine parameter variations, hence accurate.
(2) Continuous and consistent active power generation over wider wind speed range in comparison to the existing schemes.
(3) The single converter topology for DFIG considerably reduces the operational and installation cost of the system.
(4) No circulation of generated power between stator and rotor circuits of DFIG. Thus, the proposed scheme facilitates a reduced associated continuous power loss in the system.
Proper experiments and simulations have been performed on a practical 2.5 kW DFIG to validate the proposed topology of wind energy conversion system (WECS).
Scheme for the proposed system

System description
The schematic of the proposed hybrid generation scheme is shown in Figure 1 . Stator terminals are directly connected to the grid and rotor windings are connected to RSC through slip rings. The RSC controls the rotor power of DFIG independent of the utility grid, unlike the existing widely used schemes. The rotor power management is accomplished through the following four modes.
Mode-I: Low wind speed and sufficient solar power
In this sub-synchronous mode of operation, the rotor power is supplied directly from solar panel. If solar energy generated is more than rotor power requirement, the excess power will be delivered to the DC micro-grid as shown in Figure 1 after storing in the battery.
Mode-II Both wind and solar power is low
In this sub-synchronous mode of operation, the rotor power needed is supplied from the battery
Mode-III: Large wind power and low solar power
In this mode of operation, DFIG will deliver power through both stator and rotor. The rotor power can be directly stored in battery. If rotor power is very large, then DC micro-grid will be switched to evacuate the excess power available in the DC-link as shown in Figure 1 .
Mode-IV Both wind power and solar power is high
In this case the DFIG will operate in the super-synchronous region and the power from rotor is added with the energy from solar PV and delivered to the DC micro-grid after charging the storage battery.
Rotor-side converter control
In the proposed scheme, RSC control signals are generated as shown in Figure 1 using (2) and (3).
(1) 
Active power flow of the proposed wind-solar PV hybrid system
The dynamics of the active power exchange of the proposed hybrid generation scheme is shown in Figure 2 (a). In case of existing schemes reported in and Karthikeyan, Nagamani, Ray Chaudhury, et al. (2012) , during sub-synchronous operation, the requirement of DFIG rotor power P r is supplemented from the grid. Thus, the net power supplied to the grid by the generation system will be reduced considerably as shown in Figure 2 (b). For the proposed scheme, the net power output from the generation system has been enhanced. This is due to the solar PV system supplements the rotor power pool in isolation with the grid. For the analysis, Pg signifies the air gap power, P Grid signifies the output power fed to the grid, and P m signifies the shaft mechanical power input. For the given machine specified in Appendix 1, Table 2 , experiments were conducted with varying the rotor speed between 1,800 rpm and 1,050 rpm. Representing V dc and i dc as the measured DC-bus voltage and current, respectively, the rotor power P r is computed as
The generated electrical power at stator terminals is measured as
In this analysis, the losses incurred in the rotor-side converter, stator copper, and core losses are neglected for simplicity. The shaft mechanical power input can be calculated from the measured DC motor input power for known efficiency.
For each rotor slip, the corresponding values of P s , P r , and P m are computed and plotted as shown in Figure 2 (b). From Figure 2 (b), in the sub-synchronous speed region, it can be observed that the injected rotor power increases with increasing slip due to low shaft power. The net output power for the existing schemes is obtained by subtracting the rotor injected power P r from the power output P s at the stator side. It can be also observed that, for the proposed scheme, the net output power at the stator more than the existing conventional scheme due to the addition of solar PV source at the input of the rotor-side converter. 
Estimator modeling
In the proposed scheme, the rotor speed and position estimation is carried out with measured stator and rotor voltages and currents without using any differentiators and integration of low-frequency signals. The reference model variable is developed based on the measured values of rotor voltage and currents. The adjustable model variable requires the measured stator inputs and the rotor currents transformed to the synchronous reference frame as shown in Figure 3( (8) and (9) 
(b)
Neglecting stator resistance drop, e ds , e qs of (13) can be expressed as, Considering (13) and (14),
The inverse T-model equivalent circuit of DFIG is shown in Figure 3 given by, An adjustable mechanism designed by a hysteresis controller to drive the error computed using (19) to zero. The output of adjustable mechanism is the estimated rotor speed and is integrated for rotor position r estimation.
Parameter Sensitivity
For most of the existing rotor speed and position estimation techniques, the adjustable variables are rotor current, stator flux, or rotor flux. These adjustable variables can be expressed as, From the above equations, the adjustable variables are directly sensitive L m variations.
The direct sensitivity of the adjustable variables with L m will considerably affect the performance of the DFIG controller as the same usually varied during DFIG operation. In proposed control scheme, the adjustable variable Q s seen from (17) 
The variation of the adjustable variable Q s is plotted and shown in Figure 4 (a) for L m deviation between −50% and +50%. It is observed from Figure 4 
Stability analysis
The block diagram for the stability analysis is shown in Figure 5 (21) can be rewritten to obtain the estimated reactive power magnitude as, Assuming a disturbance of Δ r in estimation of rotor position r , the new space position angle between Vs and Ir will be + Δ r . This will modify the estimated torque Q s to Q s + ΔQ s .
From (22),
For Δ r to be small, (23) can be written as,
The difference between (24) and (22) can be expressed as, 
(c)
Substituting from (27) in (28), When the hysteresis controller output slides between (0 to 2) per unit, condition for stability is analyzed as (Marques et al., 2011; Silva & Pinto, 2011) ,
To satisfy condition for system stability, from (30), (31) for rotor speed from sub-synchronous to super-synchronous including synchronous speed at all loads. Therefore, irrespective of the load at the machine terminal, the estimation model is stable at all operating points.
Power generation economics
To justify the economical feasibility of the proposed scheme over the existing systems reported in Vijayakumar et al. (2013) and Cardenas et al. (2005) , an economic analysis is performed for all the systems. The average availability of solar power is assumed to be between 9 am and 4 pm (http:// www.nrel.gov/rredc). The capacity of solar panel is so considered that it can supply power to both DFIG rotor and to the battery during day time and low wind speed situations. Considering an average slip magnitude of 0.2 for the 2.5 kW DFIG in sub-synchronous and -0.15 in super-synchronous operating region, a 1 kW capacity of solar unit is taken so that both the charging of the battery and supplementing power to DFIG rotor can take place during sub-synchronous operation. The rated rotor voltage of 150 V for the DFIG will require a DC-bus and the battery voltage of 192 V. Considering charging-discharging cycle shown in Figure 6 , a battery capacity of 50Ah is selected for the system. However, the capacity of both the solar unit and battery can be selected for different locations based on operation cycles. A comparison of the proposed and existing schemes has been made using HOMER Pro-3.2 (Hybrid Optimization Model for Electric Renewables) software. For the proposed system, an extra investment is required due to the PV modules along with the charging unit and the storage battery. On the other hand, the conventional scheme with dual converter will require additional grid-side converter and transformer for grid inter connection. The other scheme with only one converter and battery backup will need a large storage battery capacity to cope up the situation of the system to be in the sub-synchronous region for the given cycle. Inclusion of both PV module and storage battery in the proposed scheme will result in additional generation of power compared to the existing schemes and results in lesser size of storage battery. On this basis, the three schemes are simulated and the results for the important parameters are tabulated in Table 1 .
The extra investment for the proposed scheme compared to the existing schemes with back-toback converter can be paid back within 3.5 years and generate profit beyond this period up to the first replacement schedule of storage battery. On the other hand, the larger battery required for the existing scheme with single converter and battery will result in larger unit cost of energy as shown in Table- 1. Where, the life of the PV modules and battery is considered to be 20 years and 5 years, respectively, for the present calculations. Therefore, the proposed scheme is more reliable in terms of power generation and economically profitable than the existing schemes.
Simulation and Experimental Results
The proposed generation scheme is implemented with a 2.5 kW doubly fed induction generator with machine parameters as shown in Appendix 1, Table 2 . The experimental arrangement is shown in Figure 7 , where the measured values of stator voltage, stator currents, rotor voltage, and rotor currents are fed as inputs to the controller. The stator and rotor currents are sensed through Hall Effect sensors LTS25NP (LEM make), while the voltage sensing process has been accomplished through CV3-1000(LEM make) sensor. A 5Hp, 1,500 rpm, separately excited DC motor with necessary torque control arrangement is coupled to the DFIG can emulate the wind turbine. A closed-loop torque controller is used for the separately excited dc machine incorporating the wind turbine model. The shaft encoder gives the information regarding the speed and position of the shaft for the control of the prime mover. The proposed MRAS computes rotor speed and position and is compared with measured value for validation. The rotor speed and position information from 
(b) (a)
estimator are fed to the RSC controller. A dSPACE CP1104 module with a PC interface is used for implementation of the experimental system.
Initially, the machine was running at 1,150 rpm with the help of the DC motor drive system. Then the speed was slowly increased to 1,860 rpm in 4.5 s. The estimated speed through the proposed controller and the corresponding measured speed is shown in Figure 8 Figure 10 (b) in which it can be observed that the proposed technique is superior to the existing technique. The proposed scheme have integraton of three type of surces e.g. battery, PV, and wind was tested for power sharing to the DC-bus. The wind speed varied from 0.8 to 1.2 p.u when the battery was fully charged and the solar insolation was at constant value. The power was measured at various points e.g. battery, PV module, DFIG rotor and DC micro-grid, and variations of each of them are recorded during thie speed transition. The results are shown in Figure 11 . The battery, PV, DFIG rotor, and DC micro-grid powers are denoted by, P pv , P b , P dcg , and P r , respectively, in Figure 11 . The DC micro-grid power can be given by, P dcg =P pv + P b − P r as per the chosen convention of rotor power. It is observed from Figure 11 that when the DFIG is in sub-synchronous region and speed is increasing, the rotor power absorbed by the machine is reducing, and the DC micro-grid power is increasing. At the rotor speed of 1.0 p.u, the power delivered to rotor is low and the DC micro-grid power is almost equal to the sum of the battery power and the PV power which can be observed from Figure 11 . After the speed crosses 1.0 p.u value i.e. in the super-synchronous region, the rotor delivers increasing power and as a result the DC micro-grid power is further increased.
Then, similar experiments were performed to validate the simulation results. The experimental results are shown in Figure 12 for the speed transition between 1,150 rpm and 1,860 rpm with the help of the prime mover. The rotor currents in rotor reference frame as shown in Figure 12 (a), the rotor frequency is almost zero when the rotor speed is near syncronous speed region, thus the rotor current exhibits dc behavior. The DC-link voltage and currents during the speed transition is shown in Figure 12 (b). The DC-link voltage remains constant while the DC-link current reduces near synchronous speed and again rises beyond synchronous speed. This is because, the rotor current at synchronous speed is dc and attains the minimum value. The stator voltage and current wave forms are given in Figure 12 (c) and (d), respectively.
Conclusion
The proposed wind-solar hybrid generation scheme is successfully implemented for wide wind speed range. The continuity in the active power at stator terminals of DFIG can be maintained at minimum cost of energy. The single converter topology for the DFIG greatly reduces the operational and installation cost of the system. The overall generation reliability has been considerably increased through proper augmentation of solar PV system which supplements WECS during lean periods of available wind power. The performance of the system is considerably improved through accurate estimation of rotor speed and position of DFIG. Moreover, the proposed rotor speed and position estimation technique has negligible sensitivity to the machine parameter variations, which makes it more accurate. The proposed method is simple and can be implemented for grid-connected or gridisolated modes through any already available drive compatible processors. 
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